Context. The observation of planets in their formation stage is a crucial, but very challenging step in understanding when, how and where planets form. PDS 70 is a young pre-main sequence star surrounded by a transition disk, in the gap of which a planetary-mass companion has been discovered recently. This discovery represents the first robust direct detection of such a young planet, possibly still at the stage of formation. Aims. We aim to characterize the orbital and atmospheric properties of PDS 70 b, which was first identified on May 2015 in the course of the SHINE survey with SPHERE, the extreme adaptive-optics instrument at the VLT. Methods. We obtained new deep SPHERE/IRDIS imaging and SPHERE/IFS spectroscopic observations of PDS 70 b. The astrometric baseline now covers 6 years which allows us to perform an orbital analysis. For the first time, we present spectrophotometry of the young planet which covers almost the entire near-infrared range (0.96 to 3.8 µm). We use different atmospheric models covering a large parameter space in temperature, log g, chemical composition, and cloud properties to characterize the properties of the atmosphere of PDS 70 b. Results. PDS 70 b is most likely orbiting the star on a circular and disk coplanar orbit at ∼22 au inside the gap of the disk. We find a range of models that can describe the spectrophotometric data reasonably well in the temperature range between 1000-1600 K and log g no larger than 3.5 dex. The planet radius covers a relatively large range between 1.4 and 3.7 R J with the larger radii being higher than expected from planet evolution models for the age of the planet of 5.4 Myr. Conclusions. This study provides a comprehensive dataset on the orbital motion of PDS 70 b, indicating a circular orbit and a motion coplanar with the disk. The first detailed spectral energy distribution of PDS 70 b indicates a temperature typical for young giant planets. The detailed atmospheric analysis indicates that a circumplanetary disk may contribute to the total planet flux.
Introduction
Our knowledge of the formation mechanism and evolution of planets has developed by leaps and bounds since the first detection of an exoplanet by Mayor & Queloz (1995) around the main-sequence star 51 Peg. However, constraining formation time scales, the location of planet formation, and the physical properties of such objects remains a challenge and was so far mostly based on indirect arguments using measured properties of protoplanetary disks. What really is needed is a detection of planets around young stars, still surrounded by a disk. Modern coronagraphic angular differential imaging surveys such as SHINE (SpHere INfrared survey for Exoplanets, Chauvin et al. 2017) , which are utilizing extreme adaptive optics, provide the necessary spatial resolution and sensitivity to find such young planetary systems.
In Keppler et al. (2018) we reported the first bona fide detection of a giant planet inside the gap of the transition disk around the star PDS 70 together with the characterization of its Based on observations collected at the European Organisation for Astronomical Research in the Southern Hemisphere under ESO programmes 095.C-0298, 097.C-0206, 097.C-1001, 1100.C-0481.
protoplanetary disk. PDS 70 is a K7-type 5.4 Myr young premain sequence member of the Upper-Centaurus-Lupus group (Riaud et al. 2006; Pecaut & Mamajek 2016 ) at a distance of 113.43±0.52 pc (Gaia Collaboration et al. 2016 , 2018 . Our determination of the stellar parameters are explained in detail in Appendix A. The planet was detected in five epochs with VLT/SPHERE (Beuzit et al. 2008) , VLT/NaCo (Lenzen et al. 2003; Rousset et al. 2003) , and Gemini/NICI (Chun et al. 2008 ) covering a wavelength range from H to L -band. In this paper we present new deep K-band imaging and first Y − H spectroscopic data with SPHERE with the goal to put constraints on the orbital parameters and atmospheric properties of PDS 70 b.
Observations and data reduction

Observations
We observed PDS 70 during the SPHERE/SHINE GTO program on the night of February 24th, 2018. The data were taken in the IRDIFS-EXT pupil tracking mode using the N_ALC_YJH_S (185 mas in diameter) apodized-Lyot coronagraph (Martinez et al. 2009; Carbillet et al. 2011 (Vigan et al. 2010 ) with the K 1 K 2 narrow-band filter pair (λ K 1 = 2.110 ± 0.102 µm, λ K 2 = 2.251 ± 0.109 µm). A spectrum covering the spectral range from Y to H-band (0.96-1.64 µm, R λ = 30) was acquired simultaneously with the IFS integral field spectrograph (Claudi et al. 2008) . We set the integration time for both detectors to 96 s and acquired a total time on target of almost 2.5 hours. The total field rotation is 95.7
• . During the course of observation the average coherence time was 7.7 ms and a Strehl ratio of 73% was measured at 1.6 µm, providing excellent observing conditions.
Data reduction
The IRDIS data were reduced as described in Keppler et al. (2018) . The basic reduction steps consisted of bad-pixel correction, flat fielding, sky subtraction, distortion correction (Maire et al. 2016) , and frame registration. The IFS data were reduced with the SPHERE Data Center pipeline (Delorme et al. 2017) , which uses the Data Reduction and Handling software (v0.15.0, Pavlov et al. 2008 ) and additional IDL routines for the IFS data reduction (Mesa et al. 2015) . The modeling and subtraction of the stellar speckle pattern for both the IRDIS and IFS data set was performed with an sPCA (smart Principal Component Analysis) algorithm based on Absil et al. (2013) using the same setup as described in Keppler et al. (2018) . Figure 1 shows the high-quality IRDIS combined K 1 K 2 image of PDS 70. The outer disk and the planetary companion inside the gap are clearly visible. In addition, there are several disk related features present, which are further described in Appendix B. For this image the data were processed with a classical ADI reduction technique (Marois et al. 2006) to minimize self-subtraction of the disk. The extraction of astrometric and contrast values was performed by injecting negative point source signals into the raw data (using the unsaturated flux measurements of PDS 70) which were varied in contrast and position based on a predefined grid created from a first initial estimate of the planets contrast and position. For every parameter combination of the inserted negative planet the data were reduced with the same sPCA setup (maximum of 20 modes, protection angle of 0.75×FWHM) and a χ 2 value within a segment of 2×FWHM and 4×FWHM around the planets position was computed. Following Olofsson et al. (2016) , the marginalized posterior probability distributions for each parameter was computed to derive final contrast and astrometric values and their corresponding uncertainties (the uncertainties correspond to the 68% confidence interval). For an independent confirmation of the extracted astrometry and photometry we used SpeCal (Galicher et al. 2018) and find the values in good agreement with each other within 1 σ uncertainty.
Conversion of the planet contrasts to physical fluxes
The measured contrasts of PDS 70 b from all data sets (SPHERE, NaCo, and NICI) were converted to physical fluxes following the approach used in Vigan et al. (2016) and Samland et al. (2017) , who used a synthetic spectrum calibrated by the stellar SED to convert the measured planet contrasts at specific wavelengths to physical fluxes. In our case, instead of a synthetic spectrum which does not account for any (near-)infrared excess, we made use of the flux calibrated spectrum of PDS 70 from the SpeX spectrograph (Rayner et al. 2003) which is presented in Long et al. (2018) . The spectrum covers a wavelength range from 0.7 µm to 2.5 µm, i.e. the entire IFS and IRDIS data set. To obtain flux values for our data sets taken in L -band at 3.8 µm we modeled the stellar SED with simple black bodies to account for the observed infrared excess Dong et al. 2012) . The final SED of the planet is shown in Fig. 2 . The IFS spectrum has a steep slope and displays a few features only, mainly water absorption around λ = 1.4 µm. The photometric values are listed in Table C.1.
Results
Atmospheric modeling
We performed atmospheric simulations for PDS 70 b with the self-consistent 1D radiative-convective equilibrium tool petitCODE (Mollière et al. 2015 , which resulted in three different grids of self-luminous cloudy planetary model atmospheres (see Table 1 ). These grids mainly differ in the treatment of clouds: petitCODE(1) does not consider scattering and includes only Mg 2 SiO 4 cloud opacities, petitCODE(2) adds scattering, petitCODE(3) contains four more cloud species including iron (Na 2 S, KCl, Mg 2 SiO 4 , Fe). Additionally, we also use the publicly available cloud-free petitCODE model grid (here called petitCODE (0); see Samland et al. 2017 for a detailed description of this grid) and the public PHOENIX BT-Settl grid (Allard 2014; Baraffe et al. 2015) . In order to compare the data to the petitCODE models we use the same tools as described in Samland et al. (2017) , using the python MCMC code emcee on N-dimensional model grids linearly interpolated at each evaluation. We assume a Gaussian likelihood function and take into account the spectral correlation of the IFS spectra (Greco & Brandt 2016) . For an additional independent confirmation of the results obtained using petit-CODE, we also used cloudy models from the Exo-REM code. The models and corresponding simulations are described in Charnay et al. (2018) . Exo-REM assumes non-equilibrium chemistry, and silicate and iron clouds. For the model grid BT-Settl petitCODE (0) petitCODE (1) petitCODE (2) petitCODE ( Exo-REM(1) the cloud particles are fixed at 20 µm and the vertical distribution takes into account vertical mixing (with a parametrized K zz ) and sedimentation. The model Exo-REM(2) model uses a cloud distribution with a fixed sedimentation parameter f sed = 1 as in the model by Ackerman & Marley (2001) and petitCODE. Table 2 provides a compilation of the best-fit values and Fig. 2 shows the respective spectra. The values quoted correspond to the peak of the respective marginalized posterior probability distribution. The cloud-free models fail to represent the data and result in unphysical parameters. In contrast, the cloudy models provide a much better representation of the data. The results obtained by the petitCODE and Exo-REM models are consistent with each other. However, because of higher cloud opacities in the Exo-REM(2) models the log g values are less constrained and the water feature at 1.4 µm is less pronounced. Therefore, the resulting spectrum is closer to a black body and the resulting mass is less constrained. All these models indicate a relatively low temperature and surface gravity, but in some cases unrealistically high radii. Evolutionary models predict radii smaller than 2 R J for planetary-mass objects (Mordasini et al. 2017) . The radius can be pushed towards lower values, if cloud opacities are removed, e.g. by removing iron (petitCODE(2)). However, a direct comparison for the same model parameters shows that this effect is very small. In petitCODE(1) this is shown in an exaggerated way by artificially removing scattering from the models, which leads to a significant reduction in radius. In general, we find a wide range of models that are compatible with the current data. The parts of the spectrum most suitable for ruling out models are the possible water absorption feature at 1.4 µm, as well as the spectral behavior at longer wavelengths (K to L -band). Given the low signal-to-noise in the water absorption feature and the large uncertainties in the L flux, it is very challenging to draw detailed physical conclusions about the nature of the object. We emphasize that other possible explanations for the larger than from evolutionary models expected radii, include the recent accretion of material, additional reddening by circumplanetary material, and significant flux contributions from a potential circumplanetary disk. The later possibility is especially interesting in the light of possible features in our reduced images that could present spiral arm structures close to the planet (Fig. 1) . There also appears to be an increase in HCO + velocity dispersion close to the location of the planet in the ALMA data presented by Long et al. (2018) . The detailed results of the relative astrometry and photometry extracted from our observation from February 2018 are listed in Table C .1 together with the earlier epochs presented in Keppler et al. (2018) . A first verification of the relative position of PDS 70 b with what we could expect for a stationary background contaminant is shown in Figure 3 . The latest SPHERE observations of February 24th, 2018 confirms that the companion is comoving with the central star. To explore the possible orbital solutions of PDS 70 b, we applied the Markov-Chain Monte-Carlo (MCMC) Bayesian analysis technique (Ford 2005 (Ford , 2006 developed for β Pictoris (Chauvin et al. 2012) , and which is well suited for observations covering a small part of the whole orbit (for large orbital periods) as in the case of PDS 70 b. We did not initially consider any prior information on the inclination or longitude of ascending node to explore the full orbital parameter space of bound Table 1 . Model grids used as input for MCMC exploration. The radius of the planet was included as an additional analytic fit-parameter regardless of the model, ranging from 0.1 R J to 5 R J .
Orbital properties of PDS 70 b
Model
T 
Notes.
(a) Except additional grid point at 0.5 Table 2 . Parameters of best-fit models based on the grids listed in Table 1 . The last two columns indicate qualitatively if the corresponding model is compatible with the photometric points in K and L -band, whereas all models describe the Y to H-band data well. As derived from log g and radius.
orbits. As described in Appendix A of Chauvin et al. (2012) , we assume the prior distribution p 0 (x) to be uniform in x = (log P, e, cos i, Ω+ω, ω−Ω, t p ) and work on a modified parameter vector u(x) to avoid singularities in inclination and eccentricities and improve the convergence of the Markov chains. The results of the MCMC analysis are reported in Fig. D .1, together with the results of a classical Least-squared linear method (LSLM) flagged by the red line. It shows the standard statistical distribution matrix of the orbital elements a, e, i, Ω, ω, and t p , where a stands for the semi-major axis, e for the eccentricity, i for the inclination, Ω the longitude of the ascending node (measured from North), ω the argument of periastron and t p the time for periastron passage. The results of our MCMC fit (Table D. 1) indicate orbital distributions that peak at 22.2 +6.2 −9.7 au (the uncertainties correspond to the 68% confidence interval) for the semi-major axis, 151.1
• for the inclination, eccentricities are compatible with low-eccentric solutions as shown by the (a,e) correlation diagram. Ω and ω are poorly constrained as low-eccentric solutions are favored and as pole-on solutions are also likely possible. Time at periastron is poorly constrained. The inclination distribution clearly favors retrograde orbits (i > 90
• ), which is compatible with the observed clockwise orbital motion resolved with SPHERE, NaCo, and NICI. To consider the disk geometry described by Keppler et al. (2018) , we decided to explore the MCMC solutions compatible with a planet-disk coplanar configuration. We restrained the PDS70 b solution set given by the MCMC to those solutions with orbital plane making a tilt angle less than 5
• with respect to the disk midplane described by Keppler et al. (2018) , i.e., i = 180
• − 49.8
• and PA = 158.6
• . The results are shown in • . The distribution peaks around 50
• , which remains consistent with a likely coplanar planet-disk configuration (or a moderate tilt angle) given the uncertainties. Given the small fraction of orbit covered by our observations, a broad range of orbital configurations are possible including coplanar solutions that could explain the formation of the broad disk cavity carved by PDS 70 b.
Summary and conclusions
We presented new deep SPHERE/IRDIS imaging data and, for the first time, SPHERE/IFS spectroscopy of the planetary mass companion orbiting inside the gap of the transition disk around PDS 70. With the accurate distance provided by Gaia DR2 we derived new estimates for the stellar mass (0.76±0.02 M ) and age (5.4±1.0 Myr). Taking into account the data sets presented in Keppler et al. (2018) we achieve an orbital coverage of 6 years. Our MCMC Bayesian analysis favors a circular ∼ 22 au and a disk coplanar wide orbit, which translates to an orbital period of 118 yr. The new imaging data show rich details in the structure of the circumstellar disk. Several arcs and potential spirals can be identified (see Fig. B.1 ). How these features are connected to the presence of the planet are beyond the scope of this study. With the new IFS spectroscopic data and photometric measurements from previous IRDIS, NaCo, and NICI observations we were able to construct a SED of the planet covering a wavelength range of 0.96 to 3.8 µm. We computed three sets of cloudy model grids with the petitCODE and two models with Exo-REM with different treatment of clouds. These model grids and the BT-Settl grid were fitted to the planets' SED. The atmospheric analysis clearly demonstrates that cloud-free models do not provide a good fit to the data. In contrast, we find a range of cloudy models that can describe the spectrophotometric data reasonably well and result in a temperature range between 1000-1600 K and log g no larger than 3.5 dex. The radius varies significantly between 1.4 and 3.7 R J based on the model assumptions and is in some cases higher than what we expect from evolutionary models. The planets' mass derived from the best fit values ranges from 2 to 17 M J , which is similar to the masses derived from evolutionary models by Keppler et al. (2018) . This paper provides the first step into a comprehensive characterization of the orbit and atmospheric parameters of an embedded young planet. Observations with JWST and ALMA will provide additional constrains on the nature of this object, especially on the presence of a circumplanetary disk. A.Z. acknowledges support from the CONICYT + PAI/ Convocatoria nacional subvención a la instalación en la academia, convocatoria 2017 + Folio PAI77170087. We thank the anonymous referee for a constructive report on the manuscript. This work has made use of data from the European Space Agency (ESA) mission Gaia (https://www.cosmos.esa.int/gaia), processed by the Gaia Data Processing and Analysis Consortium (DPAC, https://www.cosmos.esa.int/web/ gaia/dpac/consortium). Funding for the DPAC has been provided by national institutions, in particular the institutions participating in the Gaia Multilateral Agreement. This research has made use of NASA's Astrophysics Data System Bibliographic Services of the SIMBAD database, operated at CDS, Strasbourg. Based on observations obtained at the Gemini Observatory (acquired through the Gemini Observatory Archive), which is operated by the Association of Universities for Research in Astronomy, Inc., under a cooperative agreement with the NSF on behalf of the Gemini partnership: the National Science Foundation (United States), the National Research Council (Canada), CONICYT (Chile), Ministerio de Ciencia, Tecnología e Innovación Productiva (Argentina), and Ministério da Ciência, Tecnologia e Inovação (Brazil). central region (5). Whereas feature (1) and (2) were already tentatively seen in previous observations (see Fig. 5 and Fig. 9 in Keppler et al. 2018) , our new and unprecedentedly deep dataset allows one to identify extended structures well within the gap (features 3-5). Future observations at high resolution, i.e. with interferometry will be needed to prove the existence and to investigate the nature of these features, which, if real, would provide an excellent laboratory for probing theoretical predictions of planet-disk interactions. Results of the MCMC fit of the SPHERE, NaCo, and NICI combined astrometric data of PDS 70 b reported in terms of statistical distribution matrix of the orbital elements a, e, i, Ω, ω, and t P . We restrained the PDS70 b solution set given by the MCMC to solutions with orbital plane making a tilt angle less than 5
• with respect to the disk midplane described by Keppler et al. (2018) , i.e., i = 180 • − 49.8
• . 
